Aims Available data are insufficient to determine the relation between coronary calcification and coronary events in the general population. We cross-sectionally examined the association between coronary calcification and myocardial infarction in the prospective Rotterdam Coronary Calcification Study.
Introduction
Electron-beam computed tomography (CT) is a highly sensitive technique in the detection of coronary calcification. Quantitative measures of coronary calcification are closely related to the amount of atherosclerotic plaque in histopathologic investigations [1, 2] . Furthermore, the calcium score derived from electronbeam CT is strongly associated with the extent of angiographically detected coronary artery disease [3, 4] . Consequently, quantification of coronary calcification using electron-beam CT has been proposed as a promising method for non-invasive detection of asymptomatic subjects at high risk of developing coronary heart disease.
Until now four prospective studies have been published addressing the association between the amount of coronary calcification, detected by electron-beam CT, and risk of coronary events [5] [6] [7] [8] The studies enrolled either self-referred subjects or subjects referred for scanning by the general practitioner because of cardiovascular risk factors. Furthermore, the studies were all performed on less than 50 coronary events. In three of these studies, the majority of the end-points were revascularizations, possibly partially performed on the basis of the scan results. Since large prospective studies in unselected populations using electron-beam CT for quantification of coronary calcification have started only recently, unbiased results have to be awaited. Meanwhile, results of a cross-sectional study in a large, unselected population will provide an estimate of the strength of the association between coronary calcification and coronary heart disease. So far no study has examined the relation between coronary calcification and presence of myocardial infarction in a general population.
We cross-sectionally examined whether coronary calcification detected by electron-beam CT is associated with myocardial infarction in 2013 elderly men and women participating in the Rotterdam Coronary Calcification Study.
Methods

Study population
The Rotterdam Coronary Calcification Study was designed to study determinants and consequences of coronary calcification, detected by electron-beam CT. The study was embedded in the Rotterdam Study. The Rotterdam Study is a population-based study that started in 1990 to 1993. All inhabitants of a suburb of Rotterdam, aged 55 years and over, were invited (response 78%). The rationale and design of the Rotterdam Study have been described elsewhere [9] . Follow-up visits took place in 1993 to 1994 and 1997 to 1999. From 1999 onwards the study population was extended with a second cohort comprising inhabitants who reached the age of 55 years after the baseline examination in 1990 to 1993 and subjects aged 55 years and over who migrated into the research area. Baseline and follow-up visit examinations included noninvasive measurements of atherosclerosis. Measurement protocols for the first and second cohort were identical.
From 1997 onwards, participants not older than 85 years of age who completed the third phase of the first cohort or the baseline examination of the second cohort of the Rotterdam Study, were invited to participate in the Rotterdam Coronary Calcification Study and undergo an electron-beam CT scan. Subjects in nursing homes did not visit the research centre and thus were not invited for the Rotterdam Coronary Calcification Study. We restricted the present analysis to participants recruited from the first cohort, who were scanned from 1997 to 2000. Of the 3371 eligibles, scans were obtained for 2063 subjects (response: 61%). Due to several causes i.e. metal clips from cardiac surgery, severe artifacts, and registration errors (electrocardiogram (ECG), acquisition), image acquisition data could not be reconstructed or analysed in 50 subjects. Therefore, scores were available for 2013 participants. All other measurements were obtained from the examinations of the Rotterdam Study. The median duration between the examination at the Rotterdam Study center and electron-beam CT scanning was 50 days. The Medical Ethics Committee of Erasmus University Rotterdam approved the study, and all participants gave informed consent.
Coronary calcification
We assessed coronary calcifications in the epicardial coronary arteries detected on electron-beam CT scans. Imaging was performed with a C-150 Imatron scanner (Imatron, South San Francisco, California, U.S.A.). Before the subjects were scanned, they exercised adequate breath-holding. From the level of the root of the aorta through the heart, 38 images were obtained with 100 ms scan time and 3 mm slice thickness. We acquired images at 80% of the cardiac cycle, using ECG triggering, during a single breath-hold. Every day that the scanner was used, we calibrated it using a water phantom. Scanning took about 15 min per subject, while up to 10 min of time were involved in quantification of the coronary calcifications. Quantification of coronary calcifications was performed with AccuImage software (AccuImage Diagnostics Corporation, South San Francisco, California) displaying all pixels with a density of over 130 Hounsfield units. The trained scan readers were blinded to the clinical data of the participants. A calcification was defined as a minimum of two adjacent pixels (area=0·65 mm 2 ) with a density over 130 Hounsfield Units. We placed a region of interest around each high-density lesion in the epicardial coronary arteries, ensuring that the complete calcified lesion was incorporated in the region of interest. The peak density in Hounsfield Units and the area in mm 2 of the individual coronary calcifications were calculated. A calcium score was obtained by multiplying each area of interest with a factor indicating peak density within the individual area, as proposed by Agatson et al. [10] . We added the scores for individual calcifications, resulting in a calcium score for the entire epicardial coronary system. Interobserver reliability for calcium scoring has been found to be excellent, with correlation coefficients of calcium scores obtained by different observers greater than 0·99, and only small differences in absolute calcium scores [11] . Conforming with the protocol outlines as approved by the Medical Ethics Committee, participants were not informed about their calcium score.
Diagnosis of myocardial infarction
Myocardial infarction was classified as present if the myocardial infarction had occurred before the baseline examination from 1990 to 1993 or after baseline but prior to electron-beam CT (1997 CT ( to 2000 . Myocardial infarction at baseline was based on medical records from general practitioner or cardiologist and/or on ECG evidence collected on the instigation of the participants' report. Infarctions detected by the modular ECG analysis system without a history of symptoms were verified by an experienced cardiologist [12, 13] , and classified as present or absent. General practitioners in the research area of the Rotterdam Study (85% of the cohort) reported myocardial infarctions occurring after the baseline examination. For 15% of the cohort, of which the general practitioners had practices outside the research area, information was obtained through checking the participant's file and by interviewing the general practitioner annually. When an event was reported, additional information was collected by interviewing the general practitioner and scrutinising information from hospital discharge records and letters of medical specialists. Two research physicians independently coded the possible cardiac events, according to the International Classification of Diseases, 10th version [14] . A cardiologist reviewed the coded events and performed the definitive coding. The research physicians and cardiologist were not aware of the calcium score of the participants who had had an electron-beam CT scan. Comparison with the national morbidity registry of hospitals showed that 98% of all myocardial infarctions occurring after the baseline examination were detected by the above mentioned data collection procedures. Myocardial infarction was classified as present when a hospital discharge diagnosis of myocardial infarction was present, or, in case a patient was not hospitalized, when signs and symptoms, ECG recordings and cardiac enzyme data were diagnostic of myocardial infarction [15] .
Cardiovascular risk factors
Information on smoking was obtained during the home interview of the Rotterdam Study. We categorized subjects as current, past or never smokers. Furthermore, history of myocardial infarction occurring before the 65th year of age in first degree family members was ascertained by self-report. Anthropometric measures were obtained during a visit to the research centre. Height and weight were measured, and the body mass index was calculated (weight (kg)/height (m) 2 ). Blood pressure was measured at the right brachial artery using a random-zero sphygmomanometer with the participant in a sitting position. The mean value of two consecutive measurements was used in the analyses. After an overnight of fasting, blood samples were obtained at the research center. Serum total cholesterol was determined by an enzymatic procedure. High-density lipoprotein (HDL) was measured similarly after precipitation of the non-HDL fraction [16] . Diabetes mellitus was considered present with current use of antidiabetic medication, or when fasting glucose levels exceeded 7·0 mmol . l 1 [17] .
Statistical analysis
The distribution of calcium scores was skewed, and therefore, medians and ranges were reported. Linear regression analysis was applied to compare the ageadjusted continuous baseline characteristics of the Rotterdam Coronary Calcification Study participants and the non-responders. To compare smoking status and gender between the study population and the group of non-responders, the chi-square test was used. Five absolute calcium score categories were defined, based on cut-points that we chose before examining the association with presence of myocardial infarction: 0-100, 101-500, 501-1000, 1001-2000, and above 2000. Ageadjusted odds ratios for the presence of myocardial infarction were calculated per calcium score category using logistic regression analysis, for men and women separately. Calcium score category 0-100 was used as a reference. Analyses for calcium score categories were repeated with additional adjustment for cardiovascular risk factors (smoking, body mass index, blood pressure, total cholesterol, HDL cholesterol, diabetes mellitus). Furthermore, we performed age-adjusted and multivariate logistic regression analyses after dividing the calcium score distribution into sex-specific quartiles, using the lowest quartile as a reference. Age-adjusted odds ratios for the presence of myocardial infarction were also calculated for absolute calcium score categories after dividing the subjects into two age strata, younger than 70 years and 70 years and older. Because of the small number of cases, we considered a calcium score above 1000 as the highest category in the age subgroup analysis. All measures of association are presented with 95% confidence intervals (95% CIs). A P value less than 0·05 was considered statistically significant. SPSS 9.0 for Windows (SPSS, Inc., Chicago, Illinois) was used for data analysis. Table 1 shows characteristics of the Rotterdam Coronary Calcification Study population. The study population consisted of 46% of men. The mean age of the study participants was 71 years (standard deviation (SD), 5·7 years). The median calcium score differed for men and women: 312 (interquartile range 62-970) and 55 (interquartile range 5-261), respectively. The mean of the logarithmically transformed calcium scores (SD) was 5·3 (2·1) for men and 3·7 (2·3) for women. Information about history of myocardial infarction was available for 1936 scanned subjects. In 18% (166 cases) of men and 6% (63 cases) of women who underwent electron-beam CT myocardial infarction was reported prior to scanning. Among the cases, 46% of men and 62% of women had suffered a myocardial infarction during the last ten years. The characteristics of the study population were compared with the non-responders. The study population did not differ from the non-responders with regard to systolic and diastolic blood pressure, total and HDL cholesterol level, body mass index, diabetes mellitus and history of myocardial infarction. However, in comparison to the non-responders, the scanned population was significantly younger (mean age difference 1·8 years), consisted of relatively more men (46 vs 38%), and was more likely to have a history of smoking (70 vs 63%).
Results
Characteristics of study population
Coronary calcification and myocardial infarction
Compared to subjects without a history of myocardial infarction, the calcium score distribution of the cases of myocardial infarction was shifted to the right (Fig. 1) . Of subjects without a previous myocardial infarction, 50% had a calcium score of 0-100, and 11% had a calcium score above 1000. In contrast, only 19% of subjects with a history of myocardial infarction had a calcium score of 0-100, while 41% had a calcium score above 1000. In men, age-adjusted odds ratios for previous myocardial infarction ranged from 1·9 (95% CI, 1·0-3·4) in the calcium score category 101-500, to 7·7 (95% CI, 4·1-14·5) in those with a calcium score above 2000, when compared to subjects in the reference category ( Table 2 ). The corresponding age-adjusted odds ratios in women were 1·3 (95% CI, 0·7-2·6) and 6·7 (95% CI, 2·4-19·1). Additional adjustment for cardiovascular risk factors only slightly changed the results (model 2 in Table 2 ). In men, 49% of the myocardial infarctions occurred in the calcium score category above 1000, while in women this percentage was 19. Table 3 shows odds ratios obtained when the calcium score distribution was divided into quartiles for men and women separately. Compared to men in the lowest calcium score quartile, the odds ratios of myocardial infarction for those in the second, third and fourth quartile were significantly higher than one. Increasing calcium score quartiles were associated with a graded increase in odds of having experienced a myocardial infarction. In women, compared to those in the lowest calcium score quartile, only women in the highest calcium score quartile were more likely to have experienced a myocardial infarction (age-adjusted OR; 95% CI, 2·5; 1·5-5·3).
Associations were observed between coronary calcification and myocardial infarction in subjects younger than 70 years as well as in subjects of 70 years and older (Table 4) . Although estimates varied in strata of age among both men and women, probably due to small numbers, in all subgroups a graded association was present.
Discussion
The amount of coronary calcification showed a strong and graded association with the presence of myocardial 
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infarction in a general population. Men and women with a calcium score above 2000 were seven to eight times more likely to have experienced a myocardial infarction compared to subjects with calcium score up to 100. Associations were present in subjects younger than 70 years as well as in subjects of 70 years and older. This is the first large study on the association between coronary calcification and coronary events in an elderly population.
Comparison of all characteristics of subjects who participated in the Rotterdam Coronary Calcification Study and the non-responders demonstrated a relevant difference in the percentage of men, in the percentage of smokers, and in the mean age, but otherwise small, non-significant differences. However, subjects with severe disability may not have agreed to undergo electron-beam CT scanning. If reasons for nonparticipation are related to the amount of coronary calcification, this may have limited the range of calcium scores in this study. The threshold for detection of coronary calcifications in this study was two consecutive pixels. Various minimal numbers of pixels have been used in different studies for distinguishing true foci of calcium from noise. Some studies have used higher thresholds to reduce the contribution of noise. Nevertheless, when we compared calcium scoring with a threshold of two pixels and scoring with a threshold of four pixels in a subgroup of subjects, we found a very high correlation coefficient (r=0·99) between calcium scores.
There are some drawbacks due to the cross-sectional study design. Since only survivors of a myocardial infarction were included, it is uncertain whether the same risk estimates would have been found for fatal events. The time lag between the occurrence of myocardial infarction and scanning may have resulted in classification of subjects into a different calcium score category than the classification would have been if coronary calcification had been measured at the time of the coronary event. When we limited the logistic regression analysis to events in the past ten years, the odds ratios for myocardial infarction were comparable to the odds ratio for all events: up to 6·6 (data not shown). Occurrence of myocardial infarction in the past may have led to changes in lifestyle and medication use to reduce cardiovascular risk. This could have diminished the difference in amount of coronary calcification between subjects with and without myocardial infarction, and therefore the risk estimates may have been underestimated.
Controversy exists on the relation between atherosclerosis and calcium deposits. Coronary calcification is closely related to the amount of atherosclerotic plaque in the coronary artery tree [1] . Doherty and co-workers have suggested that coronary calcification is an active process that stabilises vulnerable plaques and protects against rupture [18] . Thus, increasing calcification of individual atherosclerotic lesions may decrease the risk of obstruction at the lesion site and therefore of a coronary event. This view is supported by the finding that myocardial infarction was prone to originate from non-or mildly calcified culprit arteries, while in subjects with stable angina pectoris coronary arteries were generally extensively calcified [19] . However, a recent study comparing culprit and non-culprit arteries in subjects with myocardial infarction showed that culprit arteries were more calcified than non-culprit arteries [20] . If plaque calcification protects against plaque rupture and if, therefore, subjects with intermediate calcification are more prone to have myocardial infarctions than subjects with severe calcification, more cases among the subjects with intermediate calcification will have died from a myocardial infarction before entering the study. Studying the association between the amount of calcification and myocardial infarction in a cross-sectional design may have transformed the true shape of the association. It is not clear whether the progression rate of calcification is equal for culprit vessels and non-culprit vessels. However, Schermund et al. [21] reported that the relative progression of overall coronary calcification resulted largely from uniformly relative progression of calcification at the typical predilection sites, suggesting a coronary systemic process.
There are only a few published prospective studies addressing the association between coronary calcification detected by electron-beam CT and the risk of coronary events. Arad et al. [8] found relative risks of myocardial infarction or coronary death of 22·3 (95% CI, 5·1-97·4) and 22·2 (CI, 6·4-77·4) for thresholds of calcium scores of 80 and 160, respectively, among 1173 self-referred asymptomatic subjects (mean baseline age 53 years) with 18 myocardial infarctions and coronary deaths during a follow-up of 3·6 years. In the South Bay Heart Watch Study, 29 myocardial infarctions and 17 coronary deaths occurred in 1196 high-risk asymptomatic subjects (mean age 66 years) over 41 months [5] . The ability of electron-beam CT to distinguish subjects at high risk of coronary events from subjects at low risk was not better than that of risk factor assessment. Raggi et al. [6] reported a relative risk of 21·5 (95% CI, 2·8- 
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162·4) for myocardial infarction or cardiovascular death in the fourth quartile of the calcium score when compared to the lowest quartile. This study in a population referred for scanning because of the presence of cardiovascular risk factors was based on calcium scores of 632 subjects (mean age 52 years) with 27 events in 32 months. Wong et al. [7] observed in a recent study among 926 self-referred or GP-referred subjects a relative risk of cardiovascular events of 8·8 in the highest calcium score quartile compared to subjects without coronary calcification. However, of the 28 cardiovascular events that occurred during a mean of 3·3 years after scanning, 23 were revascularizations, which partially may have taken place on the basis of a high calcium score. A crosssectional study in 1218 selected high-risk subjects observed a higher mean calcium score in subjects with than in subjects without a self-reported history of coronary heart disease [22] . It is well-known that the prevalence and amount of coronary calcification rises with increasing age, and that the distribution of coronary calcification is lower in women than in men at all ages [18] . Raggi et al. [6] found in a relatively young population with 50% women that ageand sex-adjusted calcium score percentiles were appropriate to identify high-risk subjects independent of the absolute calcium score. Our study consisted of elderly subjects. Only 2% of women had a calcium score above 2000. When we analysed the association with myocardial infarction in quartiles of the calcium score, the odds ratio for women remained 1 up to the third quartile compared to the lowest quartile, while in men gradually increasing odds ratios were seen (see Table 3 ). Although extreme absolute calcium scores do not seem to be appropriate for selection of women at high risk, risk elevation in this group was only seen in the upper part of the calcium score distribution.
Risk factor assessment and non-invasive measurement of atherosclerosis in the population aim at selecting subjects at high risk of coronary events. Cardiovascular risk factors have been found to increase the risk of cardiovascular disease approximately 1·5 to 5 times [23, 24] . Studies investigating the relation of carotid intima-media thickness and the ankle to brachial blood pressure index with coronary events, have found relative risks ranging between 2 and 4 [24] [25] [26] [27] [28] [29] [30] . No studies on risk factors or atherosclerosis and coronary events have reported relative risks of seven to eight, as observed with coronary calcification detected by electron-beam computed tomography in our cross-sectional study.
In conclusion, we observed a strong and graded association between the amount of coronary calcification and the presence of myocardial infarction in both men and women, which remained at high ages. This is the first study on the association between coronary calcification detected by electron-beam CT and coronary heart disease in an unselected older population. Although prospective data need to confirm our findings, this population-based cross-sectional study suggests that electron-beam CT is a powerful tool for the selection of subjects at high-risk of coronary events.
